Within two minutes of stroke onset, neurons and glia in brain regions most deprived of blood (the ischemic core) undergo a sudden and profound loss of membrane potential caused by failure of the Na + /K + ATPase pump. This anoxic depolarization (AD) represents a collapse in membrane ion selectivity that causes acute neuronal injury because neurons simply cannot survive the energy demands of repolarization while deprived of oxygen and glucose. In vivo and in live brain slices, the AD resists blockade by antagonists of neurotransmitter receptors (including glutamate) or by ion channel blockers.
INTRODUCTION
Neurons and glia suddenly depolarize within two minutes of stroke onset where cerebral blood flow falls to <10% (Macdonald and Stoodley, 1998) . This collapse in membrane function results from failure of the Na + /K + ATPase pump as ATP is depleted. It was originally described as a spreading 'anemic depolarization', a wave of electrical silence propagating across the neocortex (Leao, 1947) . Without immediate reperfusion, this `ischemic` or `anoxic` depolarization (AD) leads to acute neuronal death and represents the most reliable determinant of ensuing brain damage (Kaminogo et al., 1998) . For 20 years, excessive glutamate release has been considered the primary initiator of acute neuronal death following stroke. However AD generation does not require glutamate release or glutamate receptor activation Upon onset of focal ischemia, AD is generated in the ischemic core where it is unremitting unless blood flow is quickly re-established. For the next three hours, recurrent AD-like events (peri-infarct depolarizations, PIDs) initiate and propagate outward from the border of this core, further degrading the rim of surrounding tissue, the penumbra (Obrenovitch, 1995; Back et al., 1998) . PIDs recruit penumbral tissue into the infarct core throughout the period of infarct maturation during the 24 hours following stroke (Hartings et al., 2003) . As PIDs course into uncompromised gray matter, they repolarize more quickly (within 1-2 minutes) and so are indistinguishable from SD. We have proposed that the AD, PID and SD represent variations of a common depolarizing and propagating process, the particular version depending on the degree of local metabolic compromise .
Despite the hundreds of neuroprotective compounds reported to work in animal models and neuronal cultures, no drug for stroke treatment has yet made it to market (Palmer, 2001 ). Damage in the expanding penumbra (from recurrent PIDs) is generated during the three hours following stroke onset, the window when thrombolytic treatment has some therapeutic benefit (Grotta et al., 2003) . 3 sentences removed. A useful anti-stroke drug would have the ability to block AD and PIDs without depressing CNS function. Here we use the neocortical brain slice to model the ischemic core and demonstrate the remarkable ability of several sigma-1 receptor ( 1 R) ligands to block or delay the anoxic depolarization, thereby increasing neuronal survival at concentrations that do not overtly alter neuronal excitability.
METHODS

Neocortical / Hippocampal Slice Preparation
Male Sprague-Dawley rats, 21-28 days old (Charles River, St. Constant, PQ) were cared for in accordance with the Canadian Council on Animal Care. They were housed in a controlled environment 
Experimental Solutions
The aCSF contained (in mM): NaCl 120, KC1 3.3, NaHCO 3 Glutamate receptor antagonists tested were kynurenic acid (2 mM), (+)-5-methyl-10,11-dihydro-
The active dextrorotatory enantiomer D-AP-5 of the racemic mixture of AP-5, is 50 µM. The concentrations of glutamate receptor antagonists used here inhibited almost all cell swelling induced by glutamate agonists as reported in previous hippocampal slice experiments (Andrew et al., 1996; Polischuk et al., 1998 ).
Sigma receptor ligands tested were dextromethorphan (DM, 1 to 100 µM), carbetapentane (CP, to some other sigma receptor ligands but does not bind sigma receptors (Monnet et al. 1992 ).
Imaging Light Transmittance
Broad-band changes in light transmittance (LT) (Fig. 1A) A brain slice was transferred to a chamber for imaging and/or electrophysiological recording.
The slice was weighted at its edges with silver wire and submerged in flowing, oxygenated aCSF (3-4 ml/min). The temperature was slowly raised from 32 to 34 C prior to the start of the experiment. The slice was illuminated using a broadband, voltage regulated halogen light source (Fig. 1A ) on an inverted light microscope. The light traversed a band pass filter that transmitted red and near-infrared light (690 -1000 nm). Video frames were acquired using a COHU charge-coupled device (CCD) that was set at maximum gain and medium black level. The gamma level was set to 1.0 so that the CCD output was linear with respect to changes in light intensity. Frames acquired at 30 Hz were averaged and digitized using a frame grabber (DT 3155; Data Translation) in a Pentium computer controlled by Axon Imaging Workbench (AIW 2.2) software (Axon Instruments).
Each image of a series was an average of 128 or 256 frames. Averaged images were saved to the hard drive and archived on writable compact discs. The first averaged image in a series served as a control (T cont ), which was subtracted from each subsequent experimental image of that series (T exp ). The resulting series of subtracted images revealed changes in light transmittance (LT) over time. The change ( T) was expressed as the digital intensity of the subtracted images (T exp -T cont ) but the software does not divide T by T cont so the images themselves are not normalized with respect to their regional variations in light transmittance. The gain was set using the AIW software. The change in light transmission was displayed using a pseudocolor intensity scale. Zones of interest were selected to quantify and graphically display the experimental data off-line.
Graphing and statistical analyses of data were carried out using SigmaPlot for Windows (Jandel Scientific). Images were imported and figures were prepared using CorelDraw. The data from the imaging experiments were analyzed such that changes in LT of a given zone of interest were expressed as percent change in T cont for that region, taken from the control image. That is:
This normalized the graphical data across the different regions of gray matter, which was necessary because of the variation in opacity that caused different initial LT values (T cont ). The means of maximum and minimum changes in light transmittance change among slices were compared for significance using a paired Students t-test.
Evoked field potentials
To record evoked field potentials or the spontaneous negative shift representing the AD, a micropipette (5-10 M ) was pulled from thin-walled capillary glass, filled with 2 M NaCl and mounted on a 3-D micromanipulator. It was connected by a chlorided silver wire to an amplifier probe and output was monitored on an online oscilloscope. The tip was placed in layers II/III of the neocortex and a concentric bipolar electrode (Rhodes Electronics) placed in layer VI to stimulate the immediately overlying layers. In hippocampal slices, the Schaffer collaterals were stimulated and the orthodromic field potential recorded in the CA1 pyramidal layer. An antidromic CA1 field potential was evoked from the alveus. A current pulse (0.1 ms duration; 0.5 Hz) was applied to produce a population spike (PS) at just-maximal amplitude. The amplified signals were digitized, signal-averaged (6-15 sweeps/trace), displayed and plotted using pCLAMP software (Axon Instruments). The effect of a specific drug on the averaged PS amplitude was measured and normalized as a percent of the control amplitude ± SEM. A drug`s ability to maintain or help recover population spike amplitude compared to initial values indicated neuroprotection. Probability values of p<0.05 using a paired Student's t-test were considered significant.
Low Mg 2+ aCSF exposure for 20 min induced a bursting waveform response whose line length during the 50 msec following stimulus artifact was averaged (10 sweeps) and normalized to 100% (Watson and Andrew, 1992) . A drug`s ability over 10 minutes to reduce the line length of the waveform during indicated NMDA receptor antagonism. Probability values of p<0.05 using a paired Students t-test were considered significant.
RESULTS
Imaging Induction and Spread of the Anoxic Depolarization
Oxygen/glucose deprivation (OGD) for 10 minutes or exposure to the Na + -K + ATPase inhibitor ouabain for 5 or 10 minutes induces anoxic depolarization (AD) also termed 'ischemic' spreading depression. At AD onset a dramatic focal increase in light transmittance (LT) usually appeared first in the neocortical gray and a minute or so later in hippocampus. The LT front propagated outward from each focus (*, Fig. 1B ) at a rate of 2-3 mm/min. The mean peak LT increase in neocortical layers II/III was 58 ± 7% in the 23 slices tested. All six neocortical layers were recruited but the underlying white matter was not. In the wake of the front there followed a steady reduction in LT into negative values over several minutes (Fig. 1B , magenta pseudocolor). The reduction of -32 ± 13% (n=23 slices) did not recover over time and all evoked electrophysiological activity was lost as detailed below. This sequence was the same whether induced by OGD or by 100 µM ouabain, except that AD onset was ~2 min earlier using ouabain (Fig. 1C) . Both treatments cause failure of the Na+/K+ ATPase pump, evoking AD and post-AD damage. Spiperone is a compound that is structurally and pharmacologically similar to haloperidol, DM and (+) 3-PPP but does not bind sigma receptors (Monnet et al. 1992 ). This D 2 dopamine antagonist displays 1 B -adrenergic receptor antagonism and mixed 5-HT 2A /5-HT 1 antagonism. If R ligand blockade of AD is through non-R mediated effects, then spiperone should block the AD or antagonize AD block by DM. Spiperone (100 µM) was bath applied for 20 min prior to co-application of ouabain (100 µM) for 5 min. It failed to prevent or to delay the initiation or propagation AD (Fig. 3A) or to alter the associated LT changes (Fig. 3B) . Also, five slices were exposed to spiperone (100 µM) for 15 min, prior to coapplication with DM (100 µM) for 15 min. Ouabain (100 µM) was then co-applied for 5 min. In all 5 slices, AD blockade by DM was not antagonized by spiperone (Fig. 3A,B) . Therefore, the pretreatment technique using a R-like substance does not itself alter AD onset.
Glutamate Receptor Antagonists and AD
Most receptor ligands show some low affinity binding with NMDA receptors so while testing the ability of R ligands to block AD, glutamate receptor antagonists were also tested. Slices were 
Extending Simulated Ischemia to 10 Minutes
To examine if AD onset could be blocked beyond 5 minutes of simulated ischemia, we extended the exposure time of 100 µM ouabain or OGD to 10 minutes. Pretreatment with potential blockers was also extended from 15-20 to 30-35 min because the latter yielded more consistent effects. Representative experiments are plotted in Figure 5 . In the presence of 100 µM DM, AD induced by ouabain exposure for 10 min (Fig. 6A ) was blocked in 14 of 17 slices, displaying no change in light transmission over 20 min.
There was pronounced delay in AD onset in the remaining three slices. DM at 30 µM was effective in blocking ouabain-induced AD in 4 of 13 slices with the remainder showing significantly delayed onset.
DM at 10 µM significantly delayed ouabain-induced AD in all 10 slices tested. At 100 µM, DM blocked OGD-induced AD in 19 of 45 slices (Fig. 5A ) and delayed AD onset in the remaining slices. At 30 µM, DM only blocked in one slice but was as effective in delaying AD in the remaining 12 slices (Fig. 6B) . At 10 µM, DM significantly delayed AD onset induced by OGD in all 9 slices (Fig. 6B ).
On a molar basis, carbetapentane (CP) was even more effective in inhibiting ouabain-induced AD than DM. In 12 of 12 slices, AD was blocked by 100 µM CP and as little as 10 µM CP significantly delayed AD onset to more than 8 min (Fig. 6A) . With OGD-induced AD, CP was not as effective a blocker as with ouabain. At 50 µM CP, AD delay was pronounced but only 4 of 26 slices showed outright block (Fig. 6B) .
The R ligand 4-IBP was also tested against AD because it lacks cross reactivity at NMDA receptor sites (Whittemore et al., 1997) . Slices were pretreated with to 30 µM 4-IBP (the approximate solubility limit in aCSF) prior to 10 min of exposure to 100 µM ouabain or OGD (Fig. 5B) . Pretreatment prevented the initiation of AD and post-AD damage in all slices as judged by the lack of significant change in LT following ouabain exposure ( 
Effects of 1 Receptor Ligands upon Pyramidal Cell Excitability
We investigated if 1 R ligands affect pyramidal cell excitability because to have any therapeutic efficacy, an ideal drug would block AD without inhibiting the general excitability of the tissue being pyramidale increased from 1.3 ± 0.1 mV to 1.9 ± 0.1 mV (Fig. 7A) . In contrast, the antidromic response was unaffected (Fig. 7B) . Similarly 0.1 µM CP enhanced orthodromic PS amplitude by 143 % from 1.5 ± 0.1 mV to 2.2 ± 0.2 mV (Fig. 7A) . Again there was no antidromic effect ( Fig 7B) . We tested if this enhancement of the ortho-PS by 0.1 µM CP or DM was 1 R-mediated. Slices were pre-treated in 100 µM of the R antagonist (+)-3-PPP for 20 min prior to co-application with 0.1 µM CP or DM. The (+)-3-PPP itself had no effect on ortho-or antidromic responses (Fig. 7A ). However the DM and CP enhancement of the orthodromic PS was reversed in the presence of (+)-3-PPP. The antidromic responses were unchanged (Fig. 7B) . In identical experiments, there was no significant effect observed on the ortho-or antidromic response by DM or CP at It was blocked reversibly by 50 µM of the competitive NMDA receptor antagonist D-AP-5 ( Fig. 9 A,B) .
Effects of 1 R ligands were tested on this component at the minimal time period required for AD block by a 1 R ligand (10 min). For experiments in low-Mg 2+ -aCSF, the orthodromic PS was evoked at 3 min (the time required for inhibition induced by AP-5) and at 10 min (the time required to block AD). The line length in low-Mg 2+ was designated as the 100% bursting response, so the initial control response in regular aCSF was 75-85% ( Fig. 9B-F) . The D-AP-5 significantly decreased line length after 3 min and 10 min to 85.3 ± 1.9 % and 80.6 ± 2.5 %, respectively (Fig. 9A,B) . DM (100 µM) also significantly decreased line length to 89.3 ± 3.8 % (p=0.037) after a 10 min exposure (Fig. 9D ). However 30 µM DM, 30 µM 4-IBP and 100 µM CP did not significantly reduce line length in low-Mg 2+ -aCSF (Fig. 9C,E,F) .
Thus, at a concentration (30 µM) and minimal exposure time (10 min) that blocks or delays the AD, the 1 R ligands DM, 4-IBP and CP did not significantly reduce the NMDAR-mediated component of the CA1 orthodromic response.
Electrophysiological Confirmation of 1 R ligand Protection
Based on the above findings, we focused on the intermediate dosages (10-30 µM) to confirm electrophysiologically that DM or CP protected from AD without reducing electrophysiological responsiveness in the CA1 region and neocortex. In both preparations, AD onset was recorded as a negative voltage shift (Fig. 10A) . In CA1 pyramidale, OGD quickly eliminated the synaptic response in both untreated and CP-treated slices (Fig. 10 B) . This loss occurred earlier than and independent of, AD onset (Fig. 10C) . There was no recovery 60 min post-AD in untreated slices, whereas 10 µM CP pretreatment resulted in full recovery. Figure 10C shows that this is because the untreated slices go through AD whereas the CP slices do not. The time course is shown in more detail in Figure 10D .
Synaptic transmission fails within 3 min in both untreated and CP slices whereas AD onset at 7.9 +/-0.9 minutes is observed only in the 6 untreated slices. Figure 10E compares these untreated slices that go through AD to a subgroup of 3 slices where AD onset was delayed to 10 +/-0.4 minutes with substantial recovery over the ensuing hour. These slices would have spent little time depolarized from AD while also O 2 /glucose-deprived.
As in CA1 pyramidale, the orthodromic field potential in layers II/III is unaffected by 30-35 min of 10µM CP (Fig. 11 A) . In untreated neocortical slices (Fig. 11B) , OGD induced AD 1-2 min earlier than in the CA1 region (Fig. 10C) . At 10 µM, CP pretreatment of neocortical slices delayed AD onset (Fig. 11C ) compared to untreated slices (Fig. 11B ). A11 untreated slices were damaged from AD but a small subset (5 of 16) showed some recovery. Most importantly, delaying AD onset by CP pretreatment markedly increased the slice numbers that fully or partially recover.
Neocortical slices were also exposed to ouabain for 5 min invariably inducing AD (Fig. 12 A) as with the earlier imaging experiments. At 10 µM, CP pretreatment protected from ouabain-induced AD in all 7 slices (Fig. 12A) . At 30 µM, DM was less protective, delaying AD-onset until ~3 min of ouabain washout. The response then recovered to about 70% over the next 20 minutes (Fig. 12 B) . Note in both Figures 12A and B , there was minimal reduction in the orthodromic response prior to AD onset. Indeed synaptic failure followed ouabain-induced-AD, whereas it preceded OGD-induced AD, so ouabain exposure does not exactly mimic the effects of OGD.
DISCUSSION
There are three important findings in this study. (Fig. 4C,D) is apparently enough to slow agonist binding and so permit AD onset.
We have found that several other R agonists block or delay ouabain-induced AD at 30-50 µM, including (-)SKF 10,047, DTG, ifenprodil and haloperidol . While each has some cross-reactivity with other neurotransmitter receptors, their only common binding is at the receptor. In contrast, spiperone shares structural features of R ligands with only low binding to Rs, (Monnet et al., 1992 ) and so did not prevent AD or antagonize the blockade of AD by DM.
R Ligand Effects Upon Evoked Field Potentials
At the lowest concentration tested (0.1 µ ), we found that the three R ligands enhanced the evoked response at the Schaffer collateral/CA1 synapse. This AMPA receptor-mediated event is similarly enhanced by the R ligand SR31742A (Liang and Wang 1998). DM, CP and 4-IBP reversibly increased the amplitude of the population spike evoked orthdromically but not antidromically. Moreover this enhancement was lost in the presence of the R antagonist (+) 3-PPP so the increased synaptic response is likely mediated by receptors. At 1.0 µM, DM or CP had no effect probably because the dose was intermediate between excitatory at 0.1µM (above) and inhibitory at 10-100 µM (below).
At 10-30 µM, DM or CP blocked or delayed AD but with no effect on the evoked response from CA1 or of neocortical layers II/III. It is therefore unlikely that AD blockade is through action upon glutamate receptors or on Na + and Ca 2+ channels that regulate normal neuronal excitability. This is an important finding that suggests that AD and AD-like events can be blocked without functional compromise to neocortex. Whether the TRPM7 channel has a role in AD needs to be determined.
Could a Megachannel Generate the AD?
There are no reports of AD block by neurotransmitter antagonists or by lowering intra-or extracellar [Ca 2+ ]. Such manipulations may delay AD onset but will also affect CNS excitability. In contrast, the key player in maintaining the cell resting potential, the Na + /K + ATPase pump (Lipton, 1999) , runs in the background and theoretically could be protected or augmented without obvious electrophysiological consequences. However the catalytic region of the pump protein involved with ATP dephosphorylation (which minimally functions during OGD) is intracellular whereas the region bound by ouabain is extracellular (Habiba et al., 2000) . Sigma receptor ligands block AD whether evoked by reduced ATP availability (caused by OGD) or by by ouabain binding to the pump protein thereby preventing ATP dephosphorylation. This R action would seem to be downstream from the pump, probably acting by preventing the large non-selective conductance underlying AD initiation (Tanaka et al., 1997 (Tanaka et al., , 1999 . We propose that if such a conductance is inactive under normal physiological conditions then its blockade should have minimal electrophysiological consequences. In this way DM and CP can suppress the AD while the responsiveness of the pyramidal neuron remains intact.
The assumption has been that only cations pass through the hypothetical channels that drive AD but Tanaka A) At a low concentration (0.1 µM) that had no effect on AD onset, DM and CP demonstrated an excitatory modulation of the CA1 orthodromic field potential (inset). This enhancement was blocked by 100 µM (+)-3PPP, a 1 R antagonist with no effect itself on the orthodromic response.
B) The CA1 antidromic field potential evoked from the alveus remained unaltered by 0.1 µM DM or CP (inset). Therefore the effect of DM and CP was confined to the synaptic response as shown in A.
Error bars represent standard deviation from the mean. The increased line-length of the evoked waveform represents the 100% response in B) to F).
B)
Time course of the change in excitability (shown in A) in response to application of 50 µM AP-5.
As expected, the NMDA receptor-mediated bursting component was reversibly blocked (10-20 min) but the non-NMDA receptor-mediated component was not affected (20-40 min).
C) -F) The R ligands had no significant effect on the low-Mg 2+ component. The exception was DM at 100 µM which reduced the line length by about 10%. The asterisk indicates significant difference from the response in low-Mg 2+ a CSF (p‹0.05).
FIGURE 10
Pretreatment with 10 µM CP for 30-35 minutes blocked or delayed AD in the CA1 region of the hippocampal slice, permitting recovery of the orthodromic response that was extinguished in untreated tissue. This dosage had no effect on the orthodromic response (Fig. 8B) . Error bars represent standard deviation from the mean.
A) In the upper trace, the AD was recorded as a negative voltage shift in response to OGD in CA1
pyramidale, similar to that recorded in response to ouabain and in layers II/III of neocortex (not shown).
In the lower trace, slices pretreated with 10 µM CP displayed no negative shift during OGD. Recovery of the orthodromic response was significant compared to untreated slices. Error bars represent standard deviation from the mean. 
